Self-generated touch feels less intense and less ticklish than identical externally 15 generated touch. This somatosensory attenuation occurs because the brain predicts the 16 tactile consequences of our self-generated movements. To produce attenuation, the 17 tactile predictions need to be time-locked to the movement, but how the brain maintains 18 this temporal tuning remains unknown. Using a bimanual self-touch paradigm, we 19
Introduction 32
It is theorized that the brain uses internal models to anticipate the sensory consequences 33 of voluntary movements on the basis of a copy of the motor command (efference copy) 34
[1-4]. These sensory predictions are used to achieve efficient online motor control, to 35 ensure movement stability and to reduce uncertainty, as the actual sensory feedback is 36 delayed due to sensory transduction times [5] [6] [7] . In addition, the predictions of the 37 internal models are also used for attenuating the perception of self-produced input, 38
thereby increasing the salience of unpredicted external signals and facilitating the 39 perceptual distinction between the self and the environment [8, 9] . For example, when 40 one actively touches one's left hand with one's right (self-touch), the touch feels less 41
intense than identical touches applied to the left hand by another person or a machine 42
[8, 10, 11] . This is because the self-induced touch has been predicted by the internal 43 model. 44 45
Importantly, the predictions of the internal models are useful only if the models 46 constitute accurate representations of the body and the current environmental dynamics 47
[1,7,12-15]. Biased predictions would not only be detrimental to motor performance 48 but also prevent one from distinguishing the sensory feedback of one's own movements 49 from that produced by external causes. A good illustration of this sharp tuning of the 50 internal models is that their predictions are temporally locked to the given movement 51 (Fig. 1a, left) : for example, during self-touch, tactile feedback is expected at the time 52 of contact between the hands, and touch that is artificially delayed (even by only 100 53 ms) shows reduced attenuation and is attributed to external causes rather than the self 54 [11, 16] . 55 56
Here, we demonstrate that the brain can rapidly (a) unlearn to expect touch at the 57 moment of contact between the hands and (b) learn to predict delayed touch instead. 58
Using a device that simulates bimanual self-touch ( Fig. 1b) , thirty subjects were 59 initially exposed to 500 trials in which a systematic delay of 0 ms or 100 ms (exposure 60 delay) was inserted between the voluntary tap of the right index finger and the resulting 61 touch on the pulp of the relaxed left index finger [17] (Fig. 1c) . We reasoned that when 62
repeatedly presented with the 100 ms discrepancy between the predicted and actual 63 somatosensory feedback, the brain would be forced to retune the internal model in order 64
to account for this delay and thus keep the predictions accurate ( Fig. 1a, middle) . This 65 hypothesis led to two specific predictions ( Fig. 1a, right) . First, when the 100 ms delay 66 is removed after the exposure period, participants should have stopped predicting and 67 therefore attenuating the sensation of the tap. Second, when the delay is maintained 68 after the exposure period, the participants should have started predicting and thus 69 attenuating the delayed tap. We tested both of these predictions in a psychophysical 70 task [16] performed immediately after the initial exposure ( Fig. 1d ) (see also Materials 71
and Methods). 72 
74
When the internal model is tuned to 0 ms as in natural situations, the probability distribution 75 for the occurrence of touch on the left index finger (approximated as a normal distribution [16]) 76 peaks at 0 ms after the movement of the right index finger. Touch presented at 0 ms shows the 77 strongest attenuation, while touch at 100 ms is less attenuated because it is less likely to have 78 been self-generated. (Middle) When exposed to systematic delays of 100 ms between the finger 79 movement and the touch, the model parameter is gradually updated to 100 ms, which can be 80 viewed as a simple incremental shift in the probability distribution by 100 ms. Before the 81 exposure, there is an error associated with the touch predicted at 0 ms and presented at 100 ms 82 but no error related to the naturally presented touch at 0 ms. During the learning period, this 83 pattern gradually reverses: a prediction error for the touch presented at 0 ms appears and grows 84 over exposure time, while the prediction error for the touch at 100 ms decays and reaches a 85 minimum. (Right) After prolonged exposure, the touch at 0 ms has low probability, produces a 86 large prediction error and will not be attenuated, whereas the touch at 100 ms has high 87 probability, produces no prediction error and will be attenuated. (b) Participants were instructed 88 to use their right index finger to tap a sensor ( 
Results and Discussion

99
In the response trials of the task, participants were presented with two taps on the left 100
index finger -one test tap of 2 N presented at 0 ms or 100 ms after the right finger's 101 active tap (test delay) and one comparison tap of variable magnitude -and their task 102
was to indicate which one felt stronger (Fig. 1c) . = -2.24, p = 0.033, CI 95 = [-0.15, -0.007]). This shift in attenuation of the delayed touch 126 ( Fig. 2d) indicates that participants learned to predict the touch at the delay to which 127 they were exposed. Importantly, the extent to which participants unlearned to predict 128 the immediate touch was significantly positively correlated with the extent to which 129 participants learned to predict the delayed one (Pearson's r = 0.473, t(28) = 2.84, p = 130 0.008, CI 95 = [0.136, 0.712]); Fig. 2b) , implying a temporal shift in the probability 131 distribution of the tactile consequences in line with our hypothesized model ( Fig. 1a,  132 middle and right). Finally, we noted that there were no significant differences in the 133 participants' discrimination ability, i.e., just noticeable difference, between conditions 134
(paired t-test between [0 ms, 0 ms] and [100 ms, 0 ms], t(29) = -0.64, p = 0.528, CI 95 = 135
[-0.030, 0.016]); paired t-test between [0 ms, 100 ms] and [100 ms, 100 ms], t(29) = 136 0.73, p = 0.473, CI 95 = [-0.020, 0.043])). This finding excludes the presence of response 137 sensitivity differences between conditions as an alternative explanation of the present 138 results. Taken together, these findings suggest that the internal model generating the 139 tactile predictions that produce the somatosensory attenuation can be temporally 140
retuned. 141 142
To quantitatively strengthen our conclusion that the abovementioned findings are due 143
to the retuning of the internal model, we performed an additional experiment in which 144
we explicitly tested our theoretical prediction that the longer the participants are 145
exposed to the systematic delays between movement and touch, the larger the temporal 146
shift in the probability distribution of the internal model will be, and therefore the larger 147 the perceptual effects on somatosensory attenuation will be ( Fig. 1a , middle). Two new 148 groups of fifteen participants each were continuously presented with 100 ms exposure 149 trials while being tested for the attenuation of immediate ( Fig. 2e ) or delayed touch 150 ( Fig. 2f) 
178
Somatosensory attenuation is considered one of the reasons for which we cannot tickle 179
ourselves [18] . Accordingly, self-tickling sensations are cancelled because the 180 somatosensory feedback of our movement matches the tactile prediction of the internal 181 model and thus gets attenuated. In contrast, ticklish sensations arise from discrepancies 182 (prediction errors) between the predicted feedback of the internal model and the actual 183 somatosensory input [8] . An earlier study showed that participants rated their self-184 generated touch as more ticklish when a delay greater than 100 ms was introduced 185
between the movement of one hand and the resulting touch on the other, compared to 186 when a 0 ms delay was introduced. We hypothesized that after exposure to systematic 187 delays the delayed self-generated touch would feel less ticklish because the retuning of 188 the internal model of somatosensory attenuation would reduce this delay-induced 189 prediction error ( Fig. 1a, middle) . Reversely, natural (non-delayed) self-generated 190 touch would feel more ticklish since the prediction error between the delayed prediction 191 and the immediate tactile feedback would increase after the exposure. 192 193
To this end, we performed an additional experiment in which a new group of thirty 194 participants moved the arm of a robot with their right hand to apply touch on their left 195 forearm through a second robot. The second robot (slave) copied the movement of the 196 first robot (master) either with a 0 ms or a 150 ms delay ( Fig. 3a) . As expected from 197 the literature, after exposure to the 0 ms delay participants judged more frequently the 198 delayed touch as being more ticklish than the immediate touch (median frequency = 199 0.8, mean frequency = 0.73). Critically, after exposure to the 150 ms delay, this 200 frequency significantly dropped (median frequency 0.6, mean frequency 0.65): t(29) = 201 2.28, p = 0.030, CI 95 = [0.009, 0.158] (Fig. 3b) . That is, the delayed touch was rated 202 significantly less frequently as the more ticklish one, or, reversely, the immediate touch 203
was rated significantly more frequently as the more ticklish one. This result suggests 204 that ticklishness sensations depend on the same learning mechanism that supports the 205 attenuation of self-touch, thereby generalizing our findings beyond force intensity 206
perception and suggesting a universal role of the sensory predictions -generated by a 207 continuously retuned internal model-in the perceptual discrimination of self and non-208
self. 209 210 
224
The present study investigated the temporal retuning of the internal model underlying 225
the perceptual attenuation of self-generated touch, the latter being a well-established 226
index of the efference-copy-based sensory predictions [1, 8, 9, 16 ]. Our findings are 227 strongly consistent with a gradual updating of the internal model during exposure to 228 systematic delays between the movement and the tactile feedback from the resulting 229 self-touch ( Fig. 1a) . After exposure to such delays, the delayed touch was predicted 230
and thus attenuated, while the immediate (non-delayed) touch was not predicted and 231
thus not attenuated. Moreover, the magnitudes of these effects were correlated and 232 dependent on the number of exposure trials, in line with our proposal that the retuning 233 of the internal model was driven by a prediction-error-based learning process. Finally, 234
we demonstrated that this dynamic retuning of the internal model influences the 235 perceived ticklishness of tactile stimulation, so that delayed touches feel less ticklish 236
and non-delayed touches more ticklish after exposure to systematic delays. This 237
demonstrates that the predictive learning process under discussion affects the 238 perceptual quality of touch as being self-or externally generated beyond the mere 239
intensity of the somatosensory feedback. Taken together, the present study brings 240
compelling evidence that somatosensory attenuation is an adaptive phenomenon.
242
We propose that the internal model underlying somatosensory attenuation during 243 normal temporal conditions is dynamically retuned in presence of systematic delays, to 244 encode the new temporal relationship between the motor command and the tactile 245 consequence. Rather than the adaptation of an existing internal model, it could be 246
argued that the exposure to the delays leads to the acquisition of a new internal model 247
instead. In a bimanual object manipulation task, Witney et al.
[19] demonstrated a 248 significant grip force modulation after repeated exposure to a systematic delay between 249 the movement of one hand and the resulting effects on the other hand, in a direction 250 that is consistent with the acquisition of new internal model rather than the update of 251 an existing one. According to this proposal, the brain would learn different internal 252 models for the different delays and would switch between them [20]. Our data cannot 253 differentiate between these two hypotheses since in both scenarios we would expect a 254 decrease in the attenuation of the immediate touch and an increase in the attenuation of 255 delayed touch. Moreover, it is not known whether the same internal model underlies 256
the anticipatory grip force modulation during object manipulation and the sensory 257 attenuation during self-touch. Nevertheless, based on the correlation between the shifts 258 in the attenuation of immediate touch and the attenuation of delayed touch ( Fig. 2e-f) , 259 we consider that a shift in the predicted temporal distribution towards the newly 260 predicted timing (update of an existing internal model) is more likely than the 261 acquisition of a new one. 262 263
Our study goes beyond earlier studies on crossmodal lag adaptation and sensorimotor 264 temporal recalibration (see [21,22] for reviews). By employing the self-touch paradigm, 265
we kept the relationship between the movement and its feedback from the body natural, 266
in contrast to previous studies that provided participants with artificial feedback, e.g. 267
visual flashes on the screen [17, 23] becomes more apparent when we consider that our observed temporal aftereffects -i.e. 290 the reduced attenuation observed during 0 ms delay after exposure to the 100 ms -291 mirror the classic spatial aftereffects (e.g. reaching errors) observed in force-field and 292
visuomotor adaptation after removing the spatial perturbation participants have been 293 exposed to [12] related to an abnormal myelination of frontal white matter that produces delays in the 319 generation of the predicted consequences based on the efference copy (internal model).
320
That is, the predicted timing of the sensory feedback lags the movement and feedback 321 time and therefore, non-delayed feedback (0 ms) comes before its predicted time and it 322 is not attenuated, thereby producing uncertainty about the origin of the signal (the self 323 or the others). In agreement with this view, a study using encephalography showed that 324 schizophrenic patients exhibited reduced cortical suppression of self-generated sounds 325 when these were presented without delay but normal attenuation when presented with 326 a delay, compared to heathy controls [48] . Accordingly, we theorize that schizophrenic 327 patients would perceive their delayed touch as less intense and less ticklish, reflecting 328 an internal model erroneously tuned at that delay; a prediction that should be tested in 329 future experiments. 330
331
More fundamentally, since our study suggests that sensory attenuation relies on online 332 updating prediction estimations it opens up for the possibility that it could be this 333 learning process that is impaired in schizophrenia. We therefore speculate that 334 schizophrenic patients might have no problem in generating motor commands or 335 generating sensory predictions as such, but it is the continuous updating of these 336
predictions that is impaired. In other words, rather than a structural change per se 337 causing the changes in sensory attenuation, it might be that it is the inability to retune 338 the internal model to compensate for these changes in the brain that is causing the 339 cognitive deficits and psychiatric symptoms. We therefore propose that future 340 computational psychiatry research should specifically investigate the capacity of these 341
individuals to learn and unlearn new temporal relationships between their movements 342
and their sensory feedback. 343 344
Materials and Methods
345
Materials 346
In conditions, and the participants were further asked to fixate their gaze on a fixation 358 cross marked at 2 meters across from them. In addition, participants were wearing 359 headphones through which white noise was administered so that no sound created either 360 by the motor or by the right hand's tap could be used as a cue for the psychophysics 361
task. An auditory cue (tone) served to indicate to participants when to press the force 362 sensor with their right index finger during the task. Exposure trials 377
On each exposure trial (Fig. 1c) , participants tapped the force sensor with their right 378 index finger (active tap) after an auditory cue. This tap triggered the test tap on their 379 left index finger. The test tap could be presented either with a 0 ms delay -therefore 380 simulating self-touch -or with a 100 ms delay (exposure delay). 381 382
Response trials 383
In each response trial (Fig. 1c) , as in the exposure trials, participants tapped the force 384 sensor after the auditory cue and received the test tap on their left index finger with a 385 delay of either 0 ms or 100 ms (test delay). After a random delay of 800-1500 ms from 386 the test tap, a second tap (comparison tap) was delivered to the left index finger, and 387 participants were required to indicate using a foot pedal which tap (the test tap or the 388 comparison tap) was stronger. The test tap was always 2 N, while the intensity of the 389 comparison tap was systematically varied among seven different force levels (1, 1.5, 390
1.75, 2, 2.25, 2.5 or 3 N). Both test and comparison taps had a fixed duration of 100 ms 391 each. In a short session just before the experiment, we taught participants how to tap 392 the sensor with their right index finger to prevent them from pressing too forcefully or 393 too gently during the experiment. This psychophysical task has been previously 394 validated to assess the magnitude of somatosensory attenuation [16] . 395 396
The Each movement condition consisted of 500 initial exposure trials (to 0 ms or 100 ms) 399
and 70 response trials (each of the 7 intensities of the comparison tap was repeated 10 400 times). Each response trial followed 5 re-exposure trials, resulting in 850 exposure trials 401 in total, per condition. The baseline condition consisted of 105 response trials (each of 402 the 7 intensities of the comparison tap was repeated 15 times).
404
No feedback was ever provided to subjects with respect to their performance on the 405 psychophysical task. The order in which the volunteers participated in the conditions 406 was randomized. As a technical side note, the intrinsic delay of our system was 35 ms; 407 therefore, the experimental conditions labeled '0 ms' and '100 ms' actually correspond 408
to effective delays of 35 ms and 135 ms. 409 410
Data and Statistical Analysis 411
For each condition, we used a logistic regression model to fit the proportion of the 412 participants' responses that the comparison tap was stronger than the test tap (Eq. 1, 413 Fig. 1d ): 414 415
where α represents the intercept and β represents the slope. We used the function glm 418
with a logit link function in the software R version 3.3.2. We extracted the point of 419 subjective equality (PSE), which corresponds to the intensity of the comparison tap at 420 which the participant perceives the test tap (2 N) and the comparison tap as equal (p = 421 0.5). Furthermore, we extracted the just noticeable difference (JND), an index of the 422 participant's response sensitivity. 423 424
We were two-tailed. As mentioned above, for the group psychometric functions ( Fig. 2c-435  d) , we generated the plots using the mean PSE and the mean JND across the thirty 436
participants Devices, 3D systems, https://www.3dsystems.com/haptics-devices/touch) were placed 459 in front of the participants with a distance of 10 cm between them. Participants rested 460 their left arm palm up within a forearm support made of sponge, just beneath the stylus 461 of a robot (slave robot). The tip of the stylus was covered with sponge to reduce its 462
sharpness. Participants rested their right elbow on an arm support and grabbed with 463 their right hand the stylus of another robot (master robot). The lower part of the stylus 464 of the master robot could freely move within a sinusoidal 3D printed path. The distal 465 point of the path (the one closest to the hand) served as a starting point. Each trial lasted 466 three seconds and upon an auditory cue, participants were asked to move the stylus 467 from the distal point (Fig. 3a) to the proximal point along the path, and back to the 468 distal point. In two different conditions, participants performed 50 exposure trials with 469 a systematic delay of 0 or 150 ms between the movement of the master robot and the 470 movement (and stimulation) of the slave robot (exposure delay). In the response trials, 471
as in the exposure trials, participants performed two consecutive trials (the first with a 472 0 ms and the second with a 150 ms delay). Immediately afterwards, they were asked to 473 report which of the two stimulations on their left forearm (the first or the second) felt 474 more ticklish to them. As in the previous experiments, each response trial followed 5 475
re-exposure trials. There were 10 response trials per condition. The order in which the 476 volunteers participated in the conditions was counterbalanced. We calculated the 477 frequency at which participants judged the second (150 ms) touch as more ticklish in 478 the two conditions. The data could be approximated by a normal distribution (Shapiro 479 -Wilk test) and thus we performed the planned comparison using a paired t-test. 480 481
In the tickling experiment, we chose a delay of 150 ms and not a delay of 100 ms as in 482
the sensory attenuation experiments. This was because our pilot tickling experiments 483
indicated that a 100 ms delay was not sufficient to differentiate the perception of a 484 delayed stroke on the arm from that of an immediate stroke. We consider that this 485 asymmetry of the delay sensitivity between attenuation and tickling should not be 486
surprising: a 100 ms delay would be more salient for a self-induced tap of 100 ms 487 duration than a continuous stroke of 3 seconds duration. 
